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Abstract. Previous studies have suggested that metformin may 
improve the survival rate of patients with pancreatic cancer (PC) 
by regulating the adenosine monophosphate‑activated protein 
kinase/mammalian target of rapamycin (mTOR) signaling 
pathway. Rapamycin specifically targets mTOR. In the present 
study, the efficacy of metformin and rapamycin in isolation and 
combination were investigated for the treatment of PC. The 
efficacy of metformin and rapamycin in reducing the prolifera-
tion of PC cell line SW1990 in vitro and in vivo was evaluated. 
It was revealed that metformin (10  mmol/l) + rapamycin 
(2 ng/ml), metformin (15 mmol/l) + rapamycin (20 ng/ml) and 
metformin (20 mmol/l) + rapamycin (200 ng/ml) significantly 
inhibited the viability of PC cells compared with untreated 
cells. Additionally, metformin (20  mmol/l) + rapamycin 
(200 ng/ml) significantly suppressed the expression of phos-
phorylated mTOR compared with metformin or rapamycin 
alone. Using a xenograft tumor model, it was revealed that 
combination treatment significantly inhibited the growth 
of PC cells compared with monotherapy. The present study 
revealed that a combination of metformin and rapamycin 
synergistically inhibited the growth of PC in vitro and in vivo 
and may be a potential treatment option for patients with PC.

Introduction

Pancreatic cancer (PC) has a high mortality rate; its 5‑year 
survival rate is between 7 and 8% (1). The estimated number of 
new cases of PC in China in 2015 was 90,100 and the estimated 
number of reported mortalities from the disease was 79,400 (2). 
The incidence and mortality rates of male patients with PC 
has demonstrated an upward trend from 2010 to 2011 (2). PC 
is primarily treated with chemotherapeutic drugs, which may 
result in side effects and potential drug resistance that can 

further lead to patient mortality (3). The current standard drug 
for chemotherapy to treat pancreatic cancer is gemcitabine; 
however, its efficacy is far from satisfactory (3). To date, there 
is no other agent that has promoted a clinically meaningful 
prolongation of overall survival (3). The identification of a 
novel therapy for this highly aggressive disease is required.

Retrospective studies have suggested that metformin may 
reduce the risk and improve the prognosis of patients with 
PC (4‑7). It has been demonstrated that metformin activates 
adenosine monophosphate (AMP)‑activated protein kinase 
(AMPK), which then inhibits the mammalian target of 
rapamycin (mTOR) signaling pathway (8‑11). The mTOR and 
AMPK signaling pathways control the mammalian cells' energy 
status [adenosine triphosphate (ATP)/AMP ratio] and regulate 
cell growth (12). Inhibition of mTOR has been demonstrated 
to reduce the growth of PC cells (12). Rapamycin specifically 
inhibits mTOR and thus inhibits the proliferation and survival 
of PC cells (12).

The present study aimed to explore the efficacy of combined 
metformin and rapamycin therapy for the treatment of PC.

Materials and methods

Reagents. L‑15 medium and fetal bovine serum (FBS) were 
obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Antibodies directed against vascular endothelial 
growth factor (VEGF; sc‑7269) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). Antibodies directed 
against AMPK (#5832), phosphorylated (p)‑AMPKThr172 

(#2535), mTOR (#2983), p‑mTORSer2448 (#5536), B‑cell 
lymphoma‑2 (Bcl‑2; #15071), epidermal growth factor receptor 
(EGFR) (#4267), β‑actin (#4970), anti‑rabbit immunoglobulin 
(Ig)G, HRP (horseradish peroxidase‑conjugated)‑linked 
antibody (#7074), and anti‑mouse IgG, HRP‑linked antibody 
(#7076) were obtained from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). All other reagents, unless stated 
otherwise, were obtained from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany).

Cell culture. The PC cell line SW1990 was acquired from the 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). It was maintained in L‑15 medium with 
10% heat‑inactivated FBS and 1% penicillin/streptomycin at 
37˚C in a 95% humidified atmosphere.
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MTT assay. PC cell viability was measured using a MTT 
assay. SW1990 cells were seeded in 96‑well plates at a 
density of 105/ml and allowed to adhere overnight at 37˚C 
and treated with PBS, metformin (5, 10, 15, and 20 mmol/l), 
rapamycin (0.2, 2, 20, and 200 ng/ml) and their combina-
tions: A, metformin (5 mmol/l) + rapamycin (0.2 ng/ml); B, 
metformin (10 mmol/l) + rapamycin (2 ng/ml); C, metformin 
(15  mmol/l) + rapamycin (20  ng/ml); and D, metformin 
(20 mmol/l) + rapamycin (200 ng/ml) ) respectively. A total 
of 5 mg/ml MTT solution was added to each well. The cell 
viability was determined by measuring the absorbance of 
formazan which was dissolved in dimethyl sulfoxide at 
490 nm using a microplate reader (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Western blot analysis. SW1990 cells were treated with PBS 
(as control), metformin 20 mmol/l, rapamycin 200 ng/ml or 
metformin 20 mmol/l + rapamycin 200 ng/ml at 37˚C for 
24 h. The cells were then lysed in a Radioimmunoprecipitation 
Assay (RIPA) Lysis and Extraction Buffer (Thermo Fisher 
Scientific, Inc.). Protein (~15  µg) from each sample was 
extracted in RIPA Lysis and Extraction Buffer and quantified 
using a Bicinchoninic Acid Protein Assay kit (Thermo Fisher 
Scientific, Inc.). Then protein was separated using SDS‑PAGE 
(5‑10% gel) and electro‑transferred to polyvinylidene fluoride 
membranes (Millipore, Bedford, MA, USA). The membrane 
was blocked with 5% nonfat dry milk in Tris‑buffered saline 
Tween‑20 at room temperature for 1 h. The membranes were 
incubated overnight at 4˚C with primary antibodies directed 
against EGFR (1:1,000), VEGF (1:1,000), Bcl‑2 (1:1,000), 
AMPK (1:500), p‑AMPK (1:500), mTOR (1:500) and p‑mTOR 
(1:500), then with secondary antibodies for 1  h at room 
temperature. Anti‑rabbit IgG, HRP‑linked antibody (1:2,000) 
was used to test AMPK, p‑AMPK, mTOR, p‑mTOR, and 
EGFR, and anti‑mouse IgG, HRP‑linked antibody (1:2,000) 
was used to test Bcl‑2 and VEGF. Then, immunoblot analysis 
was performed. β‑actin (1:1,000) served as the loading control, 
and the corresponding secondary antibody was anti‑rabbit 
IgG, HRP‑linked antibody (1:2,000).

The level of protein expression was examined using a 
Novex® enhanced chemiluminescence Chemiluminescent 
Substrate Reagent kit (Thermo Fisher Scientific, Inc.) and 
performed according to the manufacturer's protocol and 
quantified using Image J software (V1.48; National Institutes 
of Health, Bethesda, MD, USA). Protein expression was 
presented as the percentage of the corresponding control.

Xenograft model. A total of 24 male nu/nu mice aged 
4‑5 week old with body weight ranged 15‑20 g were supplied 
by SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 
mice were maintained in a specific pathogen‑free facility, at a 
temperature of 23±2˚C, 50‑60% humidity, a light/dark cycle of 
12/12 h and given free access to water and a standard rodent 
chow diet.

The new bought mice were housed for 3 days prior to any 
medical intervention. SW1990 cells (2x106) were injected 
subcutaneously into the right flank of the mice (day 0). When 
the mean diameter of the tumors reached 2 mm (at ~1 week), 
the animals were randomly divided into four groups: i) The 
untreated group (control); ii)  the metformin group; iii)  the 

rapamycin group; and iv) the combination group (n=6/group). 
Metformin (200 mg/kg body weight) was administered once 
daily by oral gavage and rapamycin (2.0 mg/kg body weight) 
was delivered by intraperitoneal injection every other day 
to the appropriate groups for a total of 3 weeks. The tumor 
dimensions were measured by calipers a minimum of twice a 
week. Tumor volume was calculated according to the following 
formula: Tumor volume =  length x width2 x0.5. Once the 
tumor volume reached 3 cm3 or significant body weight loss 
was observed, the treatment was stopped and the mice were 
sacrificed.

The present study was approved by the Animal Ethical and 
Welfare Committee of Nanjing Medical University (Nanjing, 
China). The experimental procedures all complied with the 
guide for the care and use of laboratory animals (13).

Immunohistochemical (IHC) analysis. The mice were anes-
thetized and euthanized by cervical dislocation at day 28 and 
the xenograft tumors were surgically removed. Tumors from 
xenograft cells were fixed in 10% neutralized buffered formalin 
for 48 h at room temperature and embedded in paraffin. Tissue 
sections were cut 5‑µm‑thick for hematoxylin and eosin (H&E) 
staining and IHC analysis. The sections were stained with 0.5% 
H&E for 4 min in each dye, at room temperature. Light micro-
scopic examination was performed for histological diagnosis. 
IHC staining was performed in accordance with standard 
protocols (14). Briefly, non‑specific binding was inhibited with 
Biocare blocking reagent (Biocare Medical, Concord, CA, 
USA) for 30 min at room temperature followed by incubation 
with anti‑human polyclonal IgG primary antibodies directed 
against AMPK (1:200), p‑AMPK (1:200), mTOR (1:100), 
p‑mTOR (1:100), VEGF (1:200), EGFR (1:200) and Bcl‑2 
(1:200) at 4˚C overnight, then with secondary antibodies at 
room temperature for 30 min. Anti‑rabbit IgG, HRP‑linked 
antibody (1:200) was used to test AMPK, p‑AMPK, mTOR, 
p‑mTOR, and EGFR, and anti‑mouse IgG, HRP‑linked anti-
body (1:200) was used to test Bcl‑2 and VEGF. Images of all 
sections were captured using a Nikon MODEL ECLIPSE Ci‑L 
microscope (Nikon Corporation, Tokyo, Japan). IHC pictures 
were captured at magnification, x100 times and H&E pictures 
were captured at magnification, x200 times.

Statistical analysis. All data are presented as the 
mean  ±  standard deviation (SD) of a minimum of three 
independent experiments. The data was analyzed using 
SPSS software version 22.0 (IBM Corp., Armonk, NY, 
USA). Multiple groups were analyzed using one‑way anal-
ysis of variance with the Dunnet post hoc test. P<0.05 was 
considered to indicate a statistically significant difference. 
The combination index (CI) devised by Chou and Talalay 
(1984)  (15) was calculated using CompuSyn software 
version 1.0 (ComboSyn, Inc., Paramus, NJ, USA) (which 
was updated online periodically) to ascertain whether the 
combination of metformin and rapamycin was additive 
(CI=1), antagonistic (CI>1) or synergistic (CI<1). Synergism 
(CI<1) suggests greater than expected additive effect, addi-
tive effect (CI=1) suggests the combined effect predicted by 
the mass‑action law principle in the absence of synergism or 
antagonism, and antagonism (CI>1) suggests smaller than 
expected additive effect (16).
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Results

Metformin and rapamycin synergistically inhibit the 
proliferation of PC cells in  vitro. An MTT assay was 
conducted to analyze the viability of SW1990 cells following 
treatment with metformin, rapamycin or a combination of the 
two substances at varying concentrations (Fig. 1). Metformin 
(5‑20  mmol/l) significantly inhibited the proliferation of 
SW1990 cells in comparison with the control group. Low 
concentrations of rapamycin (0.2, 2 and 20 ng/ml) did not 
significantly change cell viability compared with the control 
group. The viability of SW1990 cells was significantly 
suppressed by rapamycin at the concentration of 200 ng/ml.

To analyze the interaction between metformin and 
rapamycin, the Chou and Talalay method (1984), was used (15). 
The CI values were as follows: Combination A, 21483.8; 
combination B, 0.42; combination C, 0.39; combination D, 
0.18. These results suggest that the combination of metformin 
and rapamycin synergistically inhibited the growth of SW1990 
cells when administered at higher concentrations (B‑D).

In subsequent experiments the concentrations of 20 mmol/l 
metformin and 200 ng/ml rapamycin were selected for use.

Western blot analysis. To explore the underlying mechanisms 
responsible for the synergy of combination treatment, the 
effects of metformin and rapamycin on the expression of 
selected proteins were investigated by western blot analysis 
(Fig. 2A).

No significant differences were observed in the protein 
expression of EGFR in any treatment group (Fig. 2B). The 
results suggested that metformin treatment alone significantly 
increased p‑AMPK protein expression (Fig. 2C), but signifi-
cantly decreased the protein expression of VEGF (Fig. 2D), 
p‑mTOR (Fig.  2E) and Bcl‑2 compared with the control 
(Fig. 2F). Rapamycin treatment alone significantly suppressed 
p‑mTOR protein expression compared with the control. The 
combination treatment significantly increased p‑AMPK 
protein expression, whereas it significantly decreased VEGF, 
Bcl‑2 and p‑mTOR protein expression compared with the 
control. Combination treatment also significantly reduced 
p‑mTOR protein expression compared with metformin or 
rapamycin treatment alone, which indicates the synergistic 
action of metformin and rapamycin.

Xenograft model. To assess the antitumor efficacy of 
metformin and rapamycin upon PC in  vivo, a xenograft 
model was developed using nu/nu mice. It was observed 
that at the final time point (day 28), the tumor volumes 
differed significantly among the four groups (Fig. 3). The 
administration of metformin alone had a small inhibitory 
effect and the injection of rapamycin alone had a moderate 
inhibitory effect. However, the combination of metformin 
and rapamycin exerted a significantly increased inhibition 
of tumor growth compared with the control group, the 
rapamycin monotherapy group and the metformin mono-
therapy group.

No significant loss of body weight was observed in the 
mice in the three treatment groups during the 3‑week therapy 
period, which suggests that the therapy was well toler-
ated with no obvious toxicity (data not shown). The protein 

expression of p‑mTOR in the mouse tumors was detected by 
IHC analysis (Fig. 4A-D). Fig. 4A demonstrated that p‑mTOR 
was expressed in the tumors in the control group. It was 
observed that metformin (Fig. 4C) and rapamycin (Fig. 4D) 
alone decreased p‑mTOR expression, and, when they were 
administered in combination (Fig. 4B), they notably decreased 
p‑mTOR expression to a higher degree. H&E staining (Fig. 4E) 
of the sections from control group was performed to ensure 
the diagnosis of pancreatic cancer of tumors from xenograft. 
These results further demonstrate that the administration of a 
combination of metformin and rapamycin confers enhanced 
anti‑PC activity.

Discussion

Multiple types of cancer, including PC, are characterized by 
aberrant activation of mTOR (17). Targeting of the mTOR 
signaling pathway may be an effective therapeutic strategy to 
minimize the progression of PC. Metformin and rapamycin 
inhibit the growth of PC cells by suppressing the mTOR 
signaling pathway (12). It has been previously reported that 
a low dose of rapamycin (10‑10 mol/l) does not suppress the 
growth of PC cells, whereas a high dose (10‑8 mol/l) does (18). 
In the present study, rapamycin at lower concentrations 
(0.2, 2 and 20 ng/ml) did not significantly inhibit the prolif-
eration of PC cells, whereas 200 ng/ml rapamycin did. The 
metformin dose of 200 mg/kg body weight was used in the 
xenograft experiments. However, millimolar concentrations of 
metformin were used in vitro, despite the maximum concen-
tration used in  vivo being at the micromolar level, which 
explained why the anti‑cancer effect of metformin was not as 
notable in vivo as in vitro.

Figure 1. Treatment with metformin and rapamycin inhibits the growth of 
SW1990 pancreatic cancer cells in vitro. SW1990 pancreatic cells were 
treated with varying concentrations of metformin and rapamycin, either in 
isolation or combination. The proliferation results from three independent 
experiments are expressed as a percentage of the corresponding untreated 
controls. *P<0.05 vs. untreated control. A, metformin 5 mmol/l + rapamycin 
0.2 ng/ml; B, metformin 10 mmol/l + rapamycin 2 ng/ml; C, metformin 
15 mmol/l + rapamycin 20 ng/ml; D, metformin 20 mmol/l + rapamycin 
200 ng/ml.
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Although rapamycin and metformin suppress the mTOR 
signaling pathway (rapamycin directly and metformin by 
AMPK signaling), rapamycin is known to activate protein 
kinase B (AKT), which may reduce its anti‑tumor activity, 
whereas metformin treatment decreases AKT activa-
tion  (19). Metformin and rapamycin affect other distinct 
targets, including microRNAs (miRs), which regulate 
gene expression following transcription  (20). Rapamycin 
targets are focused on survival signaling and decreased 
mTOR‑associated growth, through increasing the expres-
sion of cell cycle‑regulating miRs and the let‑7b miR 
precursor (12). Metformin directly targets Notch, Snail and 
Slug and reduces the levels of glucose, insulin and miR‑34a 

expression  (12). Metformin and rapamycin inhibit the 
growth of PC cells through shared and distinct mechanisms, 
which indicates that the integration of metformin into the 
treatment regimen of rapamycin may enhance its anti‑tumor 
activity.

In the present study, metformin and rapamycin exhib-
ited synergic effects at concentrations of metformin 
(10‑20 mmol/l) + rapamycin (2‑200 ng/ml). The underlying 
mechanisms of their action were further investigated by 
western blot analysis and it was revealed that metformin 
(20 mmol/l) combined with rapamycin (200 ng/ml) suppressed 
the phosphorylation of mTOR significantly compared with 
monotherapy. Treatment with metformin and rapamycin alone 

Figure 2. Treatment with metformin and rapamycin affects protein expression in SW1990 cells. (A) Protein expression levels of the indicated proteins were 
measured by western blot analysis. The results of this analysis were quantified by densitometric analyses and the relative protein expression levels of (B) EGFR, 
(C) p‑AMPK, (D) VEGF, (E) p‑mTOR and (F) Bcl‑2 are indicated. *P<0.05 vs. control; #P<0.05 vs. the metformin group; ▲P<0.05 vs. the rapamycin group. 
EGFR, epidermal growth factor receptor; p-, phosphorylated; AMPK, adenosine monophosphate‑activated protein kinase; VEGF, vascular endothelial growth 
factor; Bcl‑2, B‑cell lymphoma 2.
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inhibited the growth of PC in vivo, and treatment with them in 
combination consistently exhibited an enhanced effect. IHC 
analyses of xenograft tumors demonstrated a stronger suppres-
sion of p‑mTOR in the combination treatment group compared 
with the monotherapy groups.

The combination of metformin and rapamycin has 
been reported to inhibit cancer progression by their 
combined effects on the mTORC1 signaling pathway and 

tissue inflammation  (21). When metformin is combined 
with everolimus, it may exert a synergistic inhibition of 
cancer growth by abrogation of the phosphorylation of S6 
and 4E‑binding protein 1 (22). Metformin in combination 
with dexamethasone has been demonstrated to repress 
the expression of myeloid cell leukemia‑1 and activate 
caspase 3, as well as increasing the number of cells in the 
G1 phase of the cell cycle (23). A previous study reported 
that metformin combined with vemurafenib may induce 
apoptosis and result in the synergistic inhibition of the 
growth of cancer cells, suggesting that metformin reverses 
the resistance of cancer cells to vemurafenib by altering the 
cellular energy balance (24). Metformin and salicylate may 
synergistically reduce the survival of cancer cells in vitro by 
inhibiting de novo lipogenesis and targeting pro‑apoptotic 
and Bcl‑2 family members (25,26). Metformin also syner-
gizes with chemotherapy to reverse multi‑drug resistance in 
cancers by targeting the AMPK/mTOR/hypoxia inducible 
factor‑1α/P‑glycoprotein/multidrug resistance‑associated 
protein 1 signaling pathway (27,28). Metformin potentiates 
the anti‑tumor effect of resveratrol on PC by targeting the 
VEGF‑B signaling pathway (29).

It has been hypothesized that the combination of targeted 
mTOR inhibition by rapamycin with the broader inhibition 
provided by metformin may lead to a greater‑than‑additive 
inhibition of growth of PC cells. In the present study, treat-
ment with metformin alone or in combination with rapamycin 
significantly suppressed the expression of VEGF and Bcl‑2 
compared with the control, however, no significant differ-
ences were detected between the combination treatment and 
metformin treatment alone.

Previous studies have revealed that rapamycin therapy for 
PC patients was not effective and the efficacy of metformin 
in vivo was contradictory in many studies (30‑36). The present 
study demonstrated the anti‑tumor action of metformin and 
revealed the synergistic action of metformin and rapamycin in 
the treatment of PC cells by the downregulation of the mTOR 
signaling pathway. Other pathways may also be affected by this 
synergistic treatment, including apoptosis activation or VEGF 
inhibition, however this requires further study to confirm. A 
combination of metformin and rapamycin may represent a 
promising anti‑tumor therapy for patients with PC. Additional 
studies are required to investigate the mechanisms by which 
the synergy functions and to verify its efficacy in the treatment 
of patients with PC.
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